The extrachromosomal DNA of Sodalis glossinidius from two tsetse fly species was sequenced and contained four circular elements: three plasmids, pSG1 (82 kb), pSG2 (27 kb), and pSG4 (11 kb), and a bacteriophagelike pSG3 (19 kb) element. The information suggests S. glossinidius is evolving towards an obligate association with tsetse flies.
The extrachromosomal DNA of Sodalis glossinidius from two tsetse fly species was sequenced and contained four circular elements: three plasmids, pSG1 (82 kb), pSG2 (27 kb), and pSG4 (11 kb), and a bacteriophagelike pSG3 (19 kb) element. The information suggests S. glossinidius is evolving towards an obligate association with tsetse flies.
Sodalis glossinidius, a symbiont of tsetse flies (genus Glossina), is the only gammaproteobacterial insect symbiont to be cultured (19) and thus amenable to genetic modification (4) , suggesting that it could be used as part of a control strategy by vectoring antitrypanosome genes (1) . The relationship of S. glossinidius with its insect host is not fully understood, but the organism may increase the susceptibility of tsetse flies to trypanosomes (2) . In the present work we have sequenced and annotated extrachromosomal DNA (ecDNA) from two S. glossinidius isolates from two phylogenetically distant and geographically isolated tsetse fly species, Glossina palpalis palpalis (Robineau-Desvoidy) and G. austeni (Newstead).
ecDNA was extracted from clonal isolates of S. glossinidius from G. palpalis palpalis (GP-SG 1 ) and G. austeni (GA-SG 1 ) (C. Z. Matthew A. C. Darby, S. A. Young, L. Hume, and S. C. Welburn, submitted for publication) using a large construct kit (QIAGEN, Crawley, United Kingdom). Shotgun libraries were made from circular ecDNA isolated from mid-log-phase liquid cultures of both S. glossinidius samples and prepared by randomly shearing and blunt-ending the ecDNA. DNA fragments between 1 and 3 kb were selected and cloned into the SmaI site of pUC19 vector (New England Biologicals, Hitchin, United Kingdom) and transformed into Escherichia coli XL1-Blue MRF cells (Stratagene, Amsterdam, The Netherlands). For each library 1,344 clones were sequenced in both directions for approximately sixfold coverage. The reads were screened using the Phred-Phrap software (http://www.phrap.org) and contigs were assembled in SeqMan (DNASTAR). Gaps were closed by long PCR using the Elongase amplification system (Invitrogen, Glasgow, United Kingdom) (primers and methodology available on request).
Long PCR fragments were A-tailed and cloned into the pGEMTeasy vector (Promega, Wisconsin), transformed into E. coli XL1-Blue MRF cells (Stratagene, Amsterdam, The Netherlands), and sequenced by primer walking in both directions. Long PCR was also used to test the circular structure of the ecDNA. Genomic DNA was extracted from both bacteria and tsetse flies using a cetyltrimethylammonium bromide method (13) . ecDNA sequences have been assigned EMBL accession numbers AJ868433 to AJ868439. Acetone-preserved G. austeni (n ϭ 53) from Pangani, Tanzania, were used as a template for S. glossinidius-specific PCR (C. Z. Matthew et al., submitted for publication). Plasmid gene-specific primers were used to detect each ecDNA element (available on request).
Isolates GP-SG 1 and GA-SG 1 both contained multiple circular elements that formed independent contigs (Table 1) with 99% homology between isolates, suggesting the two plasmid isolates have a recent common ancestor. pSG1, pSG2, and pSG4 were plasmid-like elements (Fig. 1 ), all with a putative RepA protein; pSG3 was bacteriophage-like, with 56% (14/25) of the open reading frames (ORFs) showing homology to bac-FIG. 1. Circular maps of the elements pSG1 (left-hand page) and pSG2, pSG3, and pSG4 (right-hand page). The outer ring depicts ORFs (above the line, positive strain; below the line, negative strain). Checked patterns represent pseudogenes, coded according to function: virulence/ symbiotic ORFs (red), regulators (orange), conserved hypothetical (yellow), hypothetical protein (no match) (light green), plasmid (pSG3 phage) ORFs (dark green), transposase ORFs (light blue), conjugation ORFs (dark blue), and metabolic functions (purple). Second-layer error type: f ϭ frameshift, s ϭ stop, and t ϭ truncated. The second ring (red) graphs GϩC content, calculated with a 1,000-bp sliding window and plotted around the mean value for all ORFs. The third (blue) and fourth (red) rings depict PstI and HindIII digestion sites, respectively. The scale is in base pairs; plasmids not drawn to scale are represented by concentric rings (bottom right). Tables S1 and S2 in the supplemental material. All ecDNA elements were present in laboratory isolates, but copy number varied between isolates (data not shown). pSG1, pSG2, and pSG4 were universal in S. glossinidius from wild tsetse fly populations (9/9 S. glossinidius-positive flies), but pSG3 was present in only 7/9 S. glossinidius-positive flies; none of the elements were detected in S. glossinidius-negative flies. That these elements occur in natural tsetse fly populations shows they are stable over time and not simply laboratory artifacts.
The pSG1 plasmid contained two putative symbiotic islands; the first island contained 14 ORFs (bp 28276 to 45828) for production and transport of siderophores (Fig. 2) between putative transposase ORFs in a region that showed a marked GC divergence relative to the flanking sequences (Fig. 2a) . The architecture of this gene cluster is that of a fitness island (10) , suggesting that it is the product of horizontal gene transfer. The presence of siderophores for the acquisition of iron on ecDNA of S. glossinidius and the demonstration of siderophore production (Fig. 2b) suggest that this bacterium has been shaped by mobile genetic elements, in the same way as freeliving and pathogenic bacteria.
The level of sequence homology suggests that these ORFs encode an achromobactin-like (citrate) siderophore and its ABC transporter (8) . Siderophores that promote intracellular infection (16) are produced by other symbiotic bacteria, e.g., Photorhabdus luminescens (6) , and should be considered candidates for symbiotic fitness genes in S. glossinidius. It is clear that a siderophore island was present in the common ancestor of both S. glossinidius isolates and therefore predates transmission to tsetse flies. The second island contains two ORFs (bp 49394 to 50367, situated between two putative transposases) with homology to a putative secreted protein in P. luminescens and a small heat shock protein similar to Ibp in Buchnera aphidicola. Together with a number of other ORFs that have metalloproteinase and secreted protein domains, this island's ORFs are candidates for effectors, toxins, hemolysins, and protease fitness factors.
Three blocks of ORFs showed homology to conjugative transfer pilus genes (Fig. 1 ) described in gammaproteobacteria (9, 14, 18) , suggesting that conjugation has been an important factor in the evolutionary history of these symbionts and may have been acquired (and lost) on more than one occasion. The first block, on pSG1 Tra1 (located between bp 2298 and 14078) encoded 14 ORFs that showed significant homology to genes of the transfer regions of plasmids R100 (NC_002134) and F (NC_002483) but was approximately one third the size of the corresponding R100 (34 ORFs) and F plasmid (35 ORFs) regions. The second Tra2 region contained 11 ORFs (located (18) and E. coli (IncX) (14) . The S. glossinidius homologs in both Tra regions were disrupted by mutations but showed preserved gene order and good identity with homologous transfer regions. The third region had two ORFs on pSG2 (between bp 21560 and 22386) with homology to plasmid R64 pilus ORFs. The mobilization of plasmids pSG2 and pSG4 by pSG1 may explain how this complex ecDNA has been maintained in different S. glossinidius isolates. These transfer regions are probably not capable of independent conjugation, as all lack functional VirB04 (TraC and TriC) inner membrane ATP-binding protein, pilus assembly, and mating pair stabilization protein homologs.
The large number of pseudogenes found on plasmid pSG1 is unusual, but pseudogenes have previously been reported in Borrelia burgdorferi, Buchnera aphidicola, Streptomyces coelicolor, Vibrio anguillarum, and Y. pestis plasmids (3, 5, 11, 15, 17, 20) . When pseudogenes were included in protein-coding calculations, the pSG1 plasmid looked normal (79.8%), however, when excluded, it dropped to a level (48.3%) comparable to that of the linear plasmid of Borrelia burgdorferi and the genome of Mycobacterium leprae (12) . Gene silencing due to mutation looks catastrophic in the pSG1 plasmid, but this element is both viable and stable, as demonstrated by its detection in wild fly populations and homology between isolates. The large amount of junk DNA observed suggests that insertion and deletion events have been rare compared to the frequency of point mutations (7) .
The ecDNA of Sodalis glossinidius provides further evidence that symbiotic and pathogenic bacteria have acquired homologous genes for host interaction. The presence of fitness islands together with repetitive DNA, transposable elements, bacteriophage, and conjugation sequences shows that S. glossinidius has acquired genes from other bacteria by horizontal gene transfer, suggesting the evolution of nonobligate symbionts may be a balance between gene loss and gene acquisition.
This study indicates that S. glossinidius is evolving towards an obligate intracellular symbiotic lifestyle (7) and, while gene loss has occurred, a high level of complexity and diversity has been retained which is absent from obligate intracellular symbionts. This suggests that S. glossinidius has not completely abandoned its free-living ancestry for obligatory symbiosis.
